Abstract In this paper, under two different electromagnetic modes, the photonic band gaps (PBGs) in the two-dimensional plasma photonic crystals (PPCs) are theoretically investigated based on the plane wave expansion method. The proposed PPCs are arranged in rhombus lattices, in which the homogeneous unmagnetized plasma rods are immersed in the isotropic dielectric background. The computed results showed that PBGs can be easily tuned by the angle of rhombus lattices, and a cutoff frequency and a flatbands region can be observed under the TM and TE polarized waves, respectively. The relationships between the relative bandwidths of first PBGs and the parameters of PPCs in two such cases also are discussed. The numerical simulations showed that the PBGs can be manipulated obviously by the parameters as mentioned above. The proposed results can be used to design the waveguide and filter based on the PPCs.
Introduction
The developments of photonic crystals (PCs) have evolved dramatically in the last twenty years since such a concept was first proposed [1, 2] , which is a kind of artificial materials composed of different dielectrics periodically arranged in space. One of the unusual properties of PCs is photonic band gaps (PBGs), which means the propagation of an electromagnetic (EM) wave is prohibited for all polarizations and directions. In other words, PCs can control the flow of EM wave. Such a magic feature of PCs has found a wide range of practical applications including the filter [3] , waveguide [4] sensor [5] , optical computer chips [6] and laser micoresonator cavities [7] . As an important research field, remarkable progresses and great achievements have been made including theory and experiment. In 2004, the Japanese researchers Hojo and Mase [8] firstly introduced the plasma into PCs as an element, and proposed a new idea named plasma photonic crystals (PPCs). Compared to the conventional dielectric PCs, PPCs not only can produce the PBGs but also the PBGs can be tuned without changing the topology. This is because the permittivity of plasma can be easily manipulated by many external stimulus [9] . Especially, the physical properties of plasma can be obviously changed by the external magnetic field, and the complicated EM modes also can be found in the magnetized PPCs [10, 11] . Thus, the researchers show great interest in the PPCs. Recently, intensive works have been done on PPCs [12, 13] , which include one-dimensional (1D) [14] , 2D [15] and 3D PPCs [16] , respectively. Until now, the properties of transmission and their defect modes of 1D PPCs are extremely investigated in different conditions, such as the external magnetic field introduced [10, 14] , defect layers considered [17] and different topological structures arranged. In those cases, the properties of PBGs are focused since the larger PBGs are valuable in real applications. However, although Zhang et al. [18−21] investigated the dispersion properties of 3D PPCs in theory, the 3D case will suffer from the fabrication in practice. For 1D PPCs, shortcomings can also be found in employing waveguide configurations. Obviously, 2D PPCs become a better choice to realize the optical or microwave devices.
In order to enlarge the PBGs in 2D PCs, three ways can be chosen, which are introducing a kind of dispersive material in the PCs [22] , reducing the symmetry of PCs [23] and introducing the anisotropy materials into PCs [24] , respectively. For 2D PPCs, reducing the symmetry of PCs is a good choice to enlarge the PBGs, which can be realized by reducing the symmetry of the lattice [25] . The rhombus lattice provides more flexibility to enhance the bandwidths of PBGs. As mentioned by Qi et al. [26] and Wu et al. [27] , PCs with rhombus lattices have advantages in the design of devices, especially, in realization of a bend waveguide.
As mentioned above, the aims of this paper are to investigate theoretically the properties of the PBGs in the 2D PPCs with rhombus lattices composed of homogeneous unmagnetized plasma rods immersed in an isotropic dielectric background by the plane wave expansion (PWE) method under TM and TE polarized waves. Theoretical analysis and equations of calculating the dispersion curves for the proposed PPCs are deduced in section 2. In section 3, the properties of PBGs in the proposed 2D PPCs also are discussed. Finally, conclusions are drawn in section 4. An e −jωt timedependence is implicit through the paper, with ω the angular frequency, t the time, and j= √ −1.
2 Theoretical model and numerical method
In Fig. 1 , schematic views of the 2D PPCs with rhombus lattices and the first irreducible Brillouin zone showing the symmetry point used for obtaining the PBGs are plotted. As shown in Fig. 1(a) , the plasma rods are inserted into the dielectric background. We consider the unmagnetized plasma rods and dielectric background are isotropic and homogeneous. We assume the radius of the cylinder and lattice constant are R and a, respectively; the relative dielectric functions for unmagnetized plasma rods and the background are ε p and ε a , respectively; and θ is the angle of rhombus lattices. As we know [26, 27] , the high symmetry points for the first irreducible Brillouin zone have the coordinates as Γ = (0, 0), T = π a (1,
It is also well known that the expression of the relative dielectric function ε p can be expressed as [9] : where ω p and ν c are the plasma frequency and plasma collision frequency, respectively. Plasma frequency ω p = (e 2 n e /ε 0 m) 1/2 in which e, m, n e and ε 0 are the electric quantity, electric mass, plasma density and dielectric constant in a vacuum, respectively.
To obtain the curves of PBGs, many numerical methods are reported. As a popular method, the PWE method can be used to compute the dispersion curves of PPCs, whose key technique is solving the nonlinear eigen equation by the linear transformation [28] . However, the shortcomings of the PWE method are also obvious. Firstly, PBGs cannot be obtained as the inserted scatters with an arbitrary-shaped cross section by analytical methods. Secondly, the Fourier form for the dielectric constant of PCs in the reciprocal lattice vector space can be calculated by an analytical method as the shapes of fillers are regular, such as a circle, square, sphere and cubic. Yet, if the fillers of PCs overlap, the analytical method to obtain the Fourier form for the dielectric constant of PCs will fail. Recently, Zhang et al. [25] proposed a modified PWE method based on a meshed grids technique to solve those problems. In this paper, both the meshed grids and analytical methods are used to calculate the Fourier form for the dielectric constant. If the inserted plasma rods do not overlap, the analytical method is used to reduce the computing time. If the inserted plasma rods overlap, the meshed grids method is proposed to obtain a more accurate solution.
As mentioned above, the plasma rods and dielectric background are isotropic and homogeneous. Thus, for the TM polarized wave the Fourier coefficients of proposed PPCs κ(G || ) can be written as
(2) where G || is a reciprocal-lattice vector, f is the filling factor of plasma rods and J 1 (x) is the first-kind Bessel function. According to the PWE method [28, 29, 30] , the Maxwell's equations can be simplified as
where ζ = ω/c is a complex variable, and c is the light speed in a vacuum.
where k is the 2D wave vector of the wave and the prime on the sum over G indicates that the term with G = G [29] . If N is the number of expanded plane waves, the elements of the N × N matrices are
The band structures of PPCs can be obtained by solving the following equation:
where ← → I is a unit matrix. Obviously, the real part of eigenvalues for Eq. (5) is what we want to obtain. Similarly, for the case of the TE wave (H-polarization), the Fourier coefficients of the proposed PPCs κ(G || ) can be written as
. G = 0 (6) According to the PWE method [31] , Maxwell's equations can be simplified as
where ζ = ω/c is a complex variable, and c is the light speed in a vacuum
where the elements of the N × N matrices are
← → S . This polynomial form can be transformed into a linear problem in 4N dimension by ← → W that fulfills
Obviously, the real parts of the eigenvalues for Eq. (9) are what we want to obtain. The details of calculated equations can also be seen in Ref. [31] .
Numerical results and analysis
In order to achieve sufficient convergence accuracy, the 1225 plane waves [32] are utilized to calculate the dispersion curves of both TM and TE polarized waves. To simplify, the frequency region is normalized by ω p0 =ωa/2πc, and ω p and ν c are defined as ω p =0.05ω p0 and ν c =0.002ω p , respectively. We also define the parameter ω R to describe the relative bandwidths of PBGs, and the relative bandwidth of a PBG can be expressed as
where ω up and ω low are the upper and lower limits of a PBG, respectively.
The band structures of PPCs under TM and TE polarized wave
In Fig. 2 , the band structures of 2D PPCs with rhombus and triangle lattices under a TM polarized wave are plotted. The parameters of PPCs are ε a =12.96, ω p =0.25ω p0 , ν c =0.002ω p , R=0.45a and θ=60
• . The red shaded regions denote the PBGs. Obviously, if θ=60
• , the rhombus lattice can be looked at as the triangle lattice. As shown in Fig. 2(a) , there exist two PBGs, which are covered 0-0.1021 (2πc/a) and 0.3858-0.4388 (2πc/a), respectively. The first two PBGs are located at TM 0−1 and TM 2−3 . The main reason for the formation of the first PGB is that there is a cutoff frequency for 2D PPCs under the TM polarized wave [33] . Similar results can be observed in Fig. 2(b) . Although the high symmetry points for the first irreducible Brillouin zone of triangle lattices are Γ = (0, 0),
3 , 0) [34] , which are different from those points in the rhombus lattices, the locations of PBGs are same as those obtained in the rhombus lattices. In other words, although the first irreducible Brillouin zones of rhombus and triangle lattices are different, the locations of PBGs are same. In Fig. 3 , the dispersion curves of 2D PPCs with rhombus and triangle lattices under a TE polarized wave are present. In this case, the parameters are ε a =11.9, θ=60
• , R=0.283a, and ω p =ν c =0. Obviously, the plasma can be looked at as the air in this condition. A similar situation can be found in Fig. 3 . The locations of PBGs in the rhombus and triangle lattices are the same, which are covered: 0.2066-0.2691 (2πc/a) and 0.5784-0.6109 (2πc/a). Thus, the rhombus lattice is a more general case compared to the square and triangle lattices, and the equations for obtaining the PBGs are correct. We plot the band structures of 2D PPCs with rhombus lattices under two different polarized waves in Fig. 4 with ε a =12.9, θ=60 • , R=0.44a, ω p =0.25ω p0 and ν c =0.002ω p . One can see from Fig. 4(a) that there are two PBGs and one flatbands region in frequency region ω ≤ ω p under the TE polarized wave. The reason for achieving a flatbands region is the existence of surface plasmon modes, and the plasmon resonance bands are around the cutoff frequency of plasma [18−21] . In this region, the group velocity of the TE wave is every low [19, 32] . However, under the TM polarized wave, it can be seen from Fig. 4(b) that there are three PBGs, which are located at 0-0.0957 (2πc/a), 0.3761-0.4172 (2πc/a) and 0.6528-0.6587 (2πc/a), respectively. Compared to the TE polarized wave, the flatbands region will disappear but a cutoff frequency region (the first PBG) can be obtained. In the following, we will investigate the properties of the first PBGs for TE and TM polarized waves and the features of the cutoff frequency region for the TM polarized wave. It is worth noticing that we define the first PBG is TM 2−3 rather than TM 0−1 . 
The properties of PBGs for TE and TM polarized waves
In Fig. 5 , the relative bandwidths of PBGs versus R with the different θ under two different polarized waves are plotted. The parameters are ε a =12.96, ω p =0.25ω p0 and ν c =0.002ω p . As shown in Fig. 5(a) , under the TE polarized wave, the first PBG (TE 1 ) can be observed as θ is larger than 55
• . If the value of θ is fixed, ω R will increase first and then decrease. For 90
• , 85
• , 75
• , 60
• and 55
• , the maximum values of ω R can be found at 0.4, 0.4, 0.42, 0.42 and 0.4, which are 0.127, 0.152, 0.291, 0.54 and 0.497, respectively. If the value of R/a is fixed, the general trend of ω R increases along 90
• -85
• -75
If R/a <0.37, the maximum value of ω R can be found at θ=55
• . If R/a ≥0.37, the maximum value of ω R can be found at θ=60
• . As shown in Fig. 5(b) , under the TM polarized wave, TM 2−3 can be obtained at θ=60
• , 70
• and 90
• , respectively. If the value of θ is fixed, ω R will increase linearly with increasing R/a. The maximum value of ω R can be obtained in the high-R/a region. If the value of R/a is fixed, the general trend of ω R increases along 70
• -60
• -90
• . Thus, the maximum value of ω R can be found at θ=60
• for the TE polarized wave, but, for the TM polarized wave, it can be obtained at θ=90
• . In Fig. 6 , the relative bandwidths of PBGs versus ω p with the different θ under two different polarized waves are plotted. The parameters are ε a =12.96, R=0.44a and ν c =0.002ω p . As shown in Fig. 5(a) , similar trends of ω R can also be found in Fig. 6(a) , and TE 1 exist as θ is larger than 55
• for the TE wave. The value of ω R will increase first and then decrease as the value of θ is fixed. If ω p /ω p0 >0.45, TE 1 can be obtained only at θ=60 o and 55
• . If ω p /ω p0 ≤0.45 and the value of ω p /ω p0 is fixed, the value of ω R will increase along 90
• . The largest ω R can be found at θ=60
• and ω p /ω p0 =0.25. It can be seen from Fig. 6 (b) that the value of ω R will increase as ω p /ω p0 is increased. If the value of ω p /ω p0 is fixed, the trend of ω R will increase along 70
If ω p /ω p0 =1, the maximum value of ω R can be obtained in the different θ, which are 0.186, 0.216, 0.316 and 0.363, respectively. It can be physically interpreted that increasing plasma frequency means the effective dielectric constant is decreased, which makes the different dielectric constant between the background and plasma rods become larger. Thus, the larger ω R can be achieved. In Fig. 7 , the relative bandwidths of PBGs versus ε a with the different θ under two different polarized waves are given. The parameters are R=0.44a, ω p =0.25ω p0 and ν c =0.002ω p . As shown in Fig. 7 , TE 1 and TM 2−3 can be obviously tuned by the ε a . If ε a <2, TE 1 and TM 2−3 do not exist. One can see from Fig. 7(a) that if θ is fixed, the value of ω R for TE 1 will increase with increasing ε a . If the value of ε a is fixed, as shown in Fig. 6(a) , a similar trend of ω R can be observed, which increase along 90
• and ε a =0.589. As shown in Fig. 7(b) , for the TM wave, if the value of ε a is fixed, the ω R increases along 70
If θ is fixed, the ω R increases as ε a is increased, and the maximum value of ω R is 0.175, which can be found at θ=90
• and ε a =20. For TE 1 and TM 2−3 , the ω R will increase rapidly, then increase slowly. Finally, the value of ω R tends to a constant. It seems that TE 1 and TM 2−3 are easier to obtain as the relative dielectric constant of the background has a larger value. As we know [25] , the cutoff frequency can be observed in the 2D PPCs under a TM polarized wave [33] . In Fig. 8 , we present the dependences of the cutoff frequency for such 2D PPCs with different θ on the ε a , ω p and R, respectively. The parameters of the proposed PPCs are the same as those for Fig. 4 except for the changed parameter. As shown in Fig. 8 , the cutoff frequency can be tuned easily by changing the values of ε a , ω p and R. The larger cutoff frequency can be obtained as the value of θ is smaller. The largest cutoff frequency can be observed as θ=60
• . The general trends of the cutoff frequency increase along 90
• -70
• as the varied parameters are fixed. One can see from Fig. 8(a) that the cutoff frequency decreases with increasing the value of ε a , and the largest cutoff frequency can be obtained at θ=60
• and ε a =20 , which is 0.21 (2πc/a). However, different phenomena can be found in Fig. 8(b) and (c). The cutoff frequency will increase as the values of ω p and R are increased, and the maximum cutoff frequency can be observed at ω p =ω p0 , R =0.5a and θ=60
• , respectively. If the values of ω p or R are fixed, the trends of cutoff frequencies also increase along 90
• . Those phenomena can be explained by the effective medium theory, and the proposed PPCs can be looked at as a dispersive material whose effective plasma frequency can be determined by the filling factor, plasma frequency and the relative dielectric constant of the background, respectively. Obviously, the effective plasma frequency can be enhanced by increasing the values of ω p or R, and decreased by increasing the value of ε a . Under the TE polarized wave, it is worth noticing that the flatbands region of such PPCs can only be tuned by manipulating the value of ω p, and changing the values of ε a and R cannot affect the locations of the flatbands region. Similar results can be found in Ref. [18] , so we will not plot those figures again. 
Conclusion
In summary, under TE and TM polarized waves, the properties of PBGs in the 2D PPCs with rhombus lattices composed of homogeneous unmagnetized plasma cylinders immersed in the isotropic dielectric background are theoretically studied by the modified PWE method. The computed results showed that a cutoff frequency and a flatbands region can be observed as the incident EM waves are TM and TE polarized waves, respectively. With increasing the filling factor of plasma cylinders (R), for the TE polarized wave, the value of ω R will increase first and then decrease. However, for the TM polarized wave, the value of ω R will increase linearly with increasing the value of R. If R is fixed, the maximum value of ω R for the TE wave can be obtained at θ=60
• , but that for the TM wave can be found at θ=90
• . A similar phenomena can be observed as the value of ω p is increased. This can be explained that changing parameter ω p or R means the frequencydependent part of the effective dielectric constant of the proposed PPCs is also changed. If the value of ε a is increased, the values of ω R for both polarized waves will be increased. This is because increasing the value of ε a means the effective dielectric constant of the proposed PPCs is increased. For the TM polarized wave, the first PBG is located between the zero and cutoff frequency. The cutoff frequency will increase with increasing the values of R and ω p , and decrease as the value of ε a is increased. This is because the cutoff frequency is decided by the effective plasma frequency of the proposed PPCs. For the TE polarized wave, the flatbands region can be observed, which cannot be affected by changing the values of ε a and R, and increases linearly with increasing the value of ω p . The proposed results can be used to design the waveguide and filter based on the PPCs.
